, respectively, making it interesting for magnet applications in high-radiation environments. In addition, the large tolerance to defects offers wide flexibility to engineer diverse vortex pinning structures that support high critical currents. Previous work on cuprate high temperature superconductors has shown that mixed pinning landscapes composed of correlated and random disorder 8, 9 or large and small random pin sites 10 are especially effective for achieving very high in-field critical currents.
Here, we explore the limits of vortex pinning and critical current in Ba 0.6 K 0.4 Fe 2 As 2 single crystals with tailored correlated and point defects induced by heavy-ion and proton irradiation, respectively. Successive irradiations of the same sample enable systematic study of the pinning effectiveness and critical current enhancement due to defects introduced by each irradiation step, the differentiation between pinning and self-field effects, and the interaction of pinning by multiple defect types. The critical current increases approximately as the square-root of proton-fluence, and decreases with magnetic field as 1/ͱB indicative of strong vortex pinning by sparse defects. We present a study of vortex pinning by proton-irradiation induced defects in iron-based superconductors on the background of pre-existing columnar defects induced by Pb-ion irradiation and find that the pinning mechanisms are non-additive. The major effect of p-irradiation in mixed pinning landscapes is the generation of field-independent critical currents at very high fields. At 7 T k c and 5 K, the critical current density of our Ba 0.6 K 0.4 Fe 2 As 2 single crystals exceeds 5 MA/cm 2 , a value typical of state-of-the-art YBa 2 Cu 3 O 7 (YBCO) coated conductors. 9 We report measurements on two Ba 0.6 K 0.4 Fe 2 As 2 crystals: a pristine sample, crystal A, with dimensions of 0.4 Â 0.6 Â 0.02 mm 3 , and crystal B with dimensions of 0.3 Â 0.6 Â 0.04 mm 3 which was previously irradiated with 1.4 GeV Pb-ions at the Argonne Tandem Linear Accelerator System (ATLAS) facility to a dose matching field of obtained from the magnetization hysteresis, DM, using the Bean critical state model, J c ¼ 20 DM/[a(1-a/3b)], where a and b (a < b) are the lateral dimensions of the crystals.
11
Irradiation with protons of several MeV in energy typically produces comparatively low energy recoils, 1keV. 12 Therefore, the defect structure consists predominantly of point defects of single displaced atoms and small collision cascades, and possibly clusters of point defects. Extensive transmission electron microscopy (TEM) work on protonirradiated YBa 2 Cu 3 O 7 revealed anisotropic clusters and cascades, both of roughly 2-4 nm in size. 13 At present, no such studies exist for Ba 0.6 K 0.4 Fe 2 As 2 . Although the details of the irradiation induced defect structure will depend on the material at hand and on the pre-existing defects, we assume here that proton-irradiation of Ba 0.6 K 0.4 Fe 2 As 2 produces a mixture of point defects, nm-sized cascades and possibly clusters.
The evolution of the superconducting transition of crystals A and B with p-irradiation is presented in Figure 1 The field dependence of the magnetization hysteresis at 5 K of samples A and B at various stages of particle irradiation is summarized in Figure 2 . The magnetization hysteresis of the pristine sample (crystal A) displays a sharp peak around zero-field. This feature has been observed in various iron-based superconductors and has been attributed to sparse strong pinning sites.
14 Upon p-irradiation the magnetization hysteresis loops expand uniformly while approximately maintaining their over-all shape. In contrast, crystal B, previously irradiated with 1.4 GeV Pb-ions to a dose matching field of B U ¼ 21 T, shows a very broad magnetization hysteresis loop. The Pb-ion irradiation induces discontinuous amorphous tracks with average diameter of 3.7 nm, which are very effective vortex pinning sites. 6 The most pronounced effect of p-irradiation on this sample is the enhancement of pinning at high magnetic fields, whereas in low fields the effect is smaller. The magnetization hysteresis of crystal B and for crystal A in some runs displays a dip near zero-field. Such feature has been reported before and may be caused by the highly inhomogeneous field distribution in the trapped-field state 7 and the anisotropy of J c .
15
Since the reversal of the critical state of sample B and of sample A at high p-fluences occurs over a large field range, we evaluate J c from the magnetization data between 0 T and À7 T while decreasing the field from 7 T, and from the data between 0 T and 7 T while increasing the field from À7 T, respectively. The large enhancement of J c of crystal A due to p-irradiation is clearly seen, reaching a factor of 20 at high fields ( Fig. 3(a) 16 The increase of J c with p-fluence is sub-linear as shown in Fig. 4 for two field values. The observed J c (p)-dependences are well described with power-laws with exponents 1/2-1/3. These findings are consistent with theoretical models of pinning by isolated random strong pins, 17, 18 which predict that in low magnetic fields J c should depend on defect concentration n p as J c -n p c , where c $ 1 = 2 . In high fields, where single-vortex pinning changes to lattice pinning, the square-root dependence on defect concentration is expected to cross-over into a linear variation 18 and the field dependence of J c acquires a 1/ͱB variation. 14, 17 On the other hand, the field-dependence seen in experiment approaches the expected 1/ͱB variation (see below), the observed concentration dependence remains sub-linear at all measured field values. It is possible that in the experimental field range, we do not completely traverse the cross-over for the high-fluence samples. Furthermore, we assume that the concentration of effective strong pinning sites is proportional to the p-fluence. However, in the absence of detailed TEM work especially the concentration of clusters in Ba 0.6 K 0.4 Fe 2 As 2 , and the dependence of their nucleation and growth kinetics on p-fluence remains uncertain. In fact, the increase of the residual resistance with p-fluence in Ba(Fe 1-x Co x ) 2 As 2 was found to be almost linear at optimal doping, whereas the dependence at other compositions was sub-linear. 19 For all p-fluences, the critical current density of crystal A is well described by a relation of the form J c $ B
Àa for B > B* and J c $ constant for B < B*. The accommodation field B* is determined from the data as indicated by the arrow in Fig. 3(a) . The exponent a decreases from a ¼ 0.54 in the pristine sample to a $ 0.47 in the p-irradiated samples. This smooth evolution of the critical current density suggests that the underlying pinning mechanism does not change appreciably due to p-irradiation, namely, pinning by random strong pin sites.
The observation of field-independent J c at low fields and J c $ 1/ͱB at higher fields has been interpreted as a signature of strong pinning by sparse defects. 14, 17 However, this interpretation of the low-field data and the determination of the intrinsic zero-field critical current J c (0) are complicated by the fact that different mechanisms are active simultaneously, such as single-vortex pinning and self-field effects. 20 The range of nearly field-independent J c , indicated by the value of B*, increases systematically with p-irradiation. In fact, as shown in the inset of Fig. 4 , B* is essentially proportional to the apparent zero-field value of the critical current, J c0 . This finding suggests that B* indicates the onset of self-field effects. As has been described in detail earlier, 20 in samples with large demagnetization factors strong curvature of vortices causes the critical state in low fields to be established across the thickness, t, of the samples rather than the width. The characteristic field scale associated with this process is B s ¼ kl 0 J c0 t, where k is a geometry-dependent constant of order unity. With J c0 $ 6 MA/cm 2 and t ¼ 20 lm, a typical field scale of B s $ 1.5 T can be estimated which is close to the observed values of B* (see Fig. 3(a) ). As the applied field falls below B s the vortex response is dominated by the trapped field and becomes independent of the applied field, thus, B Ã % B S . To gain better insight into the structure of the critical state at low fields and the interplay between the self-field saturation field, B s , and the crossover field to the single-vortex pinning, B 0 , we modeled our data using the procedure and MATLAB code developed by E. H. Brandt. 15, 21 This code computes the evolution of the current/field distribution and of the magnetization with field sweep for the critical state in a rectangular sample for arbitrary magnetic field dependence of the critical current. In our situation the field dependence at high fields is given by the power law, J c ðBÞ ¼ J c ð0ÞðB 0 =BÞ a while at small fields it is masked by the self-field effects. In the case B 0 < B s0 ¼ l 0 J c (0)t saturation of the critical current with decreasing magnetic field takes place in the field range, where the power-law dependence is still valid. In this case, the saturation field B* and the apparent low-field value of the critical current J c0 can be estimated as
We found that a good description of the data can be achieved assuming the field dependence of J c in the form
. The fits of the data in Fig.  3(a) yield that J c (0) is larger than J c0 by about 10% and that the fraction B 0 /B s0 increases from 0.4 in the pristine sample to 0.64 in 7 Â 10 16 sample. Using the experimental dose dependence of J c , J c $ cͱn p /ͱB, one also finds that due to self-field effects J c0 increases as J c0 ¼ J c (B*) $ n p ð Þ 1=3 . Within the scatter, the data in Fig. 4 are consistent with this evolution. Fig. 3(b) shows the field-dependence of the critical current density of crystal B after various doses of p-irradiation. In contrast to the behavior of crystal A, p-irradiation does not induce a significant enhancement of the low field critical current density. At high fields, J c rolls off; however, in the accessible field range we cannot establish a relation of the form J c $ B Àa at 5 K. As a guide, the dashed line in Fig. 3(b) indicates the 1/B-dependence that is expected for vortex pinning by parallel columnar defects. 22 We use this dependence to extrapolate B*-values at a temperature of 20 K and plot them in the inset of Fig. 4 . The Pb and proton-irradiated crystal displays a larger field range of nearly fieldindependent J c . This is in part due to self-field effects which are expected to be larger in crystal B as it is twice as thick as crystal A. However, as is evident from an inspection of the data in Fig. 3(b) and in the inset of Fig. 4 , upon p-irradiation B* increases by almost a factor of two, whereas J c0 is constant within the uncertainties. We therefore contend that the mixed pinning landscape composed of heavy ion tracks and p-irradiation induced random defects enables field independent pinning up to fields of almost 6 T.
Nevertheless, these values of B* are substantially smaller than the dose-matching field of the columnar defects of B / ¼ 21 T. TEM studies 6 have revealed that-just as in cuprate high-T c superconductors-the spatial distribution of irradiation tracks in Ba 0.6 K 0.4 Fe 2 As 2 is highly non-uniform. Work on pinning by random arrays of irradiation tracks in cuprates has shown 23 that vortex-vortex repulsion and crowding induces unoccupied tracks in areas of high track density and interstitial vortices in areas of sparse tracks even at fields well below B / , accompanied by a roll-off of J c near a field of the order of (1/3-1/2) B U . Pinning by more regular arrays of dislocations induces a roll-off near $0.7 B U . 24 In the framework of a mixed pinning landscape, the p-irradiation induced defects pin interstitial vortices, and at the same time, suppress the motion of vortex kinks that form between tracks. 8 The contributions to pinning from p-irradiation induced defects on columnar defects are not simply additives; at low fields, vortices are strongly pinned by columnar defects and the addition of p-induced defects does not increase J c strongly. In contrast, in high fields p-induced defects pin interstitial vortices and their contribution to the total pinning is roughly equal to that due to columnar defects (see Fig. 3(b) ). We note that the critical current density of crystal B at 5 K and 7 T of 5 MA/cm 2 equals that of state-of-the-art YBCO coated conductors containing correlated pinning sites in the form of Barium zirconate (BZO) nano-rods at the same temperature and field. 9 The evolution of the temperature dependence of J c in 0.2 T and in 4 T of crystals A and B with p-irradiation is shown in Fig. 5 revealing that the features described above persist over the entire temperature range up to T c . Protonirradiation causes a large enhancement of J c of the pristine sample at all temperatures. At high p-fluence J c (T) is almost linear over an extended temperature range. The dependence and the absolute J c -values are very similar to those of the heavy-ion irradiated sample. As indicated by the spread of the curves in Fig. 5 and as noted above, the effect of composite heavy-ion tracks/random defects is enhanced pinning in high magnetic fields.
In conclusion, we carried out mixed pinning landscape studies of correlated and point defects induced by heavy-ion and proton irradiation in Ba 0.6 K 0.4 Fe 2 As 2 single crystals. For both the mixed pinning landscape and the pure proton-induced pinning defects, we find a nearly field-independent enhancement of the critical current up to a threshold field, B*. For the pure p-irradiated crystal, a comparison of the zero field J c enhancement with B* demonstrates that the extent of the field-independent J c can be attributed to the onset of self-field effects. In contrast, for the mixed pinning landscape, the extent of the field independent J c goes beyond the self-field effect and results in a nearly field independent J c up to almost 6 T. Our measured critical current of 5 MA/cm 2 at 5 K and 7 T in single crystal form equals that of state-of-the-art YBCO coated conductors containing correlated pinning sites in the form of BZO nano-rods at the same temperature and field and indicates the potential applications of this material. 
